Five temperature-sensitive mutants of influenza virus A/FPV/Rostock/34 (H7N1), ts206, ts293, ts478, ts482, and ts651, displaying correct hemagglutinin (HA) insertion into the apical plasma membrane of MDCK cells at the permissive temperature but defective transport to the cell surface at the restrictive temperature [2831][2832][2833][2834][2835][2836] 1986). With the exception of ts206, the changed amino acids of all mutants and revertants accumulate in three distinct areas of the three-dimensional HA model: (i) at the tip of the 80-A (8-nm)-long alpha helix, (ii) at the connection between the globular region and stem, and (iii) in the basal domain of the stem. The concept that these areas are critical for HA assembly and hence for transport is supported by the finding that the mutants that are unable to leave the endoplasmic reticulum at the nonpermissive temperature do not correctly trimerize. Upon analysis by density gradient centrifugation, cross-linking, and digestion with trypsin and endoglucosaminidase H, two groups can be discriminated among these mutants: with tsl, ts227, and ts478, the HA forms large irreversible aggregates, whereas with ts206 and ts293, it is retained in the monomeric form in the endoplasmic reticulum. With a third group, comprising mutants ts482 and ts651 that enter the Golgi apparatus, trimerization was not impaired.
The hemagglutinin (HA) of influenza virus is a class I membrane protein consisting of an amino-terminal ectodomain that is about 510 amino acids long and glycosylated, a membrane-spanning region of 26 amino acids, and a carboxy-terminal cytoplasmic tail 11 amino acids long (42) . On its way to the budding site of the virus, the cell surface, HA is vectorially transported by the traffic system also utilized by cellular membrane proteins that are regular constituents of the plasma membrane. In epithelial cells, HA is transported to the apical domain of the plasma membrane (33) . In the course of transport to the cell surface, HA undergoes a series of processing reactions that include polypeptide folding (3), trimerization (4) , N glycosylation (16) , acylation (41) , and proteolytic cleavage (18) . Because HA is one of the best-characterized membrane proteins, it is an excellent model for studying the structural requirements of vectorial transport to the cell surface.
Transport of HA has been studied either by expressing mutagenized HA or chimeras of HA and other membrane proteins with simian virus 40 or vaccinia virus vectors (for a review, see reference 29) or by using mutants of influenza viruses with a temperature-sensitive defect in HA transport. Our group has investigated a panel of mutants of fowl plague virus (FPV) (A/FPV/Rostock/34 [H7N1]) comprising tsl, ts206, ts227, ts293, ts478, ts482, and ts651, which were induced by 5-fluorouracil treatment (34) , and tslIl, which was obtained by undiluted plaque passages (36) . HA In this study, we have allocated the amino acid exchanges responsible for defective transport by nucleotide sequence analysis of these mutants and their revertants. The results indicate that the mutations accumulate in three distinct areas known to be important for HA trimerization. Analyses of the quaternary HA structure by density gradient centrifugation, cross-linking, and determination of trypsin sensitivity indicate that trimerization of mutants unable to enter the Golgi apparatus is indeed impeded at the nonpermissive temperature, at which some mutants form large HA aggregates whereas others persist as monomers. In contrast, mutants transported through the Golgi apparatus did not exhibit impaired trimerization. These observations support the con-1496 GARTEN ET AL. cept that trimerization is important for exit of HA from the endoplasmic reticulum.
(Parts of this work were done in fulfillment of the requirements for the diploma degrees of K. Buckard and D. Ortmann and for the doctoral theses of C. Will and K.
Munk.)
MATERIALS AND METHODS Viruses and cells. The Rostock strain of FPV (A/FPV/ Rostock/34 [H7N1]) and the FPV mutants tsl (20) , ts206, ts227, ts293, ts478, ts482, and ts651 (34) were used. Growth of virus stocks and propagation of virus in eggs (35) , in chicken embryo cells, and in MDCK cells have been de- scribed before (28) . Revertants were prepared from seed stocks of the mutants by four consecutive plaque passages at the nonpermissive temperature. For structural analysis of viral RNA, the mutants and the revertants were propagated in embryonated eggs at 33 and 37°C, respectively. Virus was purified by adsorption to chicken erythrocytes, elution with neuraminidase (Vibrio cholerae neuraminidase; Behringwerke, Marburg, Germany) in phosphate-buffered saline (PBS), and ultracentrifugation through a sucrose gradient (20 to 60%).
Nucleotide sequencing of the viral RNA. Viral RNA was isolated by phenol-chloroform extraction from purified virus (25) . Nucleotide sequencing was done either by the primer 330 C extension method using viral RNA and reverse transcriptase as polymerase or by nucleotide sequencing of cloned cDNA as described previously (10, 38 (38) . ' Rv, revertant. d Nucleotide and amino acid replacements were taken from Mucke and Scholtissek (26) . dried cells in Epon resin, 0.5-to 1-,um-thick plastic sections were incubated with the MAb HA2-11H3 (after removal of the resin) and prepared for indirect immunofluorescence (9) .
Immunoprecipitation. For immunoprecipitation with rabbit antisera, metabolically labeled cell lysates were added to a 20- Pulse-chase experiments and solubilization of cells. MDCK cells grown in cell culture dishes with a diameter of 35 mm were infected with virus. At 3 h postinfection (p.i.), Dulbecco's medium was replaced with 0.5 ml of Dulbecco's modified Eagle's medium lacking methionine or cysteine. At 3.5 h p.i., 106 cells were pulsed for various periods by adding 30 ,uCi of [35S]cysteine or [35S]methionine (AmershamBuchler), respectively. For variable chase periods, the cells were incubated with Dulbecco's medium containing 100 times the regular amount of methionine or cysteine. The cell cultures were washed twice with cold PBS on ice and solubilized in 500 ,ul of lysis buffer [MNT buffer; 20 mM 2-(N-morpholino)ethanesulfonic acid (MES), 30 mM Tris, and 100 mM NaCl containing 1% Triton X-100]. After removal of nuclei and cell debris by centrifugation at 13,000 rpm for 10 min (Biofuge), aliquots of 100 ,ul were used for immunoprecipitation, for cross-linking experiments, or for sucrose velocity centrifugation.
Sucrose velocity gradient centrifugation. Sucrose velocity gradient centrifugation was performed as described previously (4). Metabolically labeled lysates of virus-infected cells were overlaid onto a continuous sucrose gradient (5 to 25%, wt/wt) in MNT buffer containing either 1% or 0.1% Triton X-100 and centrifuged for 16 h at 20°C in a Beckman SW41 rotor at 40,000 rpm. HA trimers prepared with 1% Triton X-100 proved to be more stable during storage at 4°C than those prepared with 0.1% Triton X-100. Gradients were fractionated by collecting drops from the punctured tube bottom. Aliquots of the fractions were immunoprecipitated. The precipitates were analyzed by SDS-PAGE, and the virus proteins were visualized by fluorography. In parallel gradients, the sedimentation characteristics of bovine serum albumin and alcohol dehydrogenase from Sigma (Taufkirchen, Germany) were determined by the Bio-Rad protein assay (Bio-Rad, Munchen, Germany).
Cross-linking of HA molecules by using DSP. Five hours after infection with FPV or its mutants, monolayers of MDCK cells were pulse-labeled for 3 min with [35S]methionine (35 p,Ci/500 ,ul of medium) and then chased for periods of up to 60 min. At each time point, cell extracts were prepared as described above. Aliquots were taken and incubated with dithiobis(succinimidylpropionate) (DSP; Pierce Chemical Co., BA, Oud Beijerland, The Netherlands) from a stock solution in dimethyl sulfoxide at a final concentration of 0.8 mM for 15 min at 15°C. The excess DSP was destroyed by adding sodium hydrogen carbonate at a final concentration of 20 mM. Samples were taken for immunoprecipitation, separated by SDS-PAGE, and subjected to fluorography.
Digestion of HA with trypsin and endo H. Aliquots of cell lysates or of fractions of the sucrose gradients were treated with trypsin (10 ,ug/ml) for 10 min at 37°C. The digestion was terminated by addition of soybean trypsin inhibitor (50 ,ug/ml) followed by immunoprecipitation. For resistance to endo H (Boehringer, Mannheim, Germany), 10 ,ul of sedimented protein A-Sepharose beads containing antibody-bound radiolabeled HA was washed twice with lysis buffer (20 mM MES, 30 mM Tris, 100 mM NaCl, 0.1% Triton X-100) and once with PBS. The beads were then suspended in 20 ,ul of 100 mM sodium acetate buffer (pH 7.0) containing 50 mM EDTA, 0.1% SDS, and 0.5% mercaptoethanol. After the sample was boiled for 5 min, 0.5 mU of endo H (Boehringer) was added and the mixture was incubated at 37°C for 16 h (19). After enzyme treatment, HA was analyzed by SDS-PAGE and fluorography.
RESULTS
Transport of the mutants in polarized epithelial cells. In epithelial cells, HA is transported to the apical domain of the plasma membrane (33) . Since in our previous study the antisera used for immunofluorescence staining did not have access to the basolateral side of infected cells (28) , the possibility could not be ruled out that, unlike the wild type, HA mutants were expressed not only at the apical but also at the basolateral side under permissive conditions. To obtain insight into this problem, immunofluorescence staining was performed on semithin sections of infected cells, using an HA-specific MAb. At the nonpermissive temperature, HAs of tsl and ts227 showed, as expected, a staining pattern typical for localization in the endoplasmic reticulum, whereas at the permissive temperature, their HAs were expressed also at the apical cell surface but not at the basolateral side (Fig. 1) . Similar experiments performed with the other mutants showed apical expression under permissive growth conditions as well. Thus, evidence for atypical transport polarity was obtained with none of the mutants analyzed.
Mutations responsible for defective transport. To determine the mutations responsible for the temperature-sensitive phenotype, we carried out nucleotide sequence analysis on the HA genes of mutants ts206, ts293, ts478, ts482, and ts651 and their revertants, which were obtained as described in Materials and Methods. The results were compared with those obtained for mutants tsl, ts227, and tslIl (26, 38) .
When the nucleotide sequences were compared with the HA sequence of the wild type (11, 32) , one to three point mutations resulting in amino acid changes and a few silent mutations were detected with each mutant (Table 1) . Among the 15 nucleotide changes found with the eight mutants listed, there were nine A-to-G transitions and one U-to-C transition, consistent with the predicted mutagenic effect of 5-fluorouracil (24) . The other mutations seem to have appeared spontaneously. Mapping of the amino acid exchanges on the linear HA sequence (Fig. 2) and localization on the three-dimensional structure (Fig. 3) allowed identification of the mutations responsible for the transport block and for its release. Both true reversions and intragenic suppressor mutations were observed.
The results obtained with the individual mutants with an early transport block were as follows. Mutant ts206 has only one U-to-C transition at nucleotide position 547, resulting in the substitution of serine 158 by proline. Since serine is restored in the revertant (Fig. 2) , this mutation site is responsible for the temperature-sensitive transport block. Interestingly, the defect is localized in the subunit HA1 near the end of a 0I sheet in the globular domain (Fig. 3) , which is close to a site critical for the temperature-sensitive phenotype of mutant ts61S, exhibiting also a change from serine to proline (27 This substitution of a conserved amino acid remains in the revertant and therefore does not affect transport (Fig. 2) . The other transition, from A to G at position 1414, replaces the positively charged arginine 447 for a glycine in HA2. On the three-dimensional structure, this position is located at the base of the long alpha helix distal to the short helix, which contains the bromelain cleavage site of the H3 HA (Fig. 3) . This short helix is also the site of the suppressor mutation found with the revertant of ts293, which consists of the exchange of glutamine 492 for lysine. The HA gene of ts478 has a single nucleotide transition at position 1268 from A to G, which replaces glutamic acid by glycine at amino acid position 398 in HA2. This mutation is located at the tip of the long alpha helix (Fig. 3) . Two revertants that are not substituted at the original mutation site but have threonine 49 in HA1 independently changed to serine and lysine, respectively, were obtained (Fig. 2) . These suppressor mutations are located in the hinge region connecting the globular domain and the stem (Fig. 3) . A mutation at position 398 has also been observed with tsl, which additionally contains an altered amino acid in position 275 (38) . The latter mutation is either reverted (tsl revertants I and II) (Fig. 2) 2) . Pulse-chase labeling was done in parallel at 33°C (lanes 3 and 4) . Cell lysates were either treated with trypsin (lanes 2 and 4) or untreated (lanes 1 and 3) . The viral proteins were immunoprecipitated and analyzed by SDS-PAGE under reducing conditions as described in Material and Methods. mutant tsl are relevant for the transport block, as proposed before (38) .
Only two mutants with a late transport defect in their HAs have been found; these can be distinguished by their point mutations. Mutant ts482 possesses three amino acid substitutions. Two of them are located in HA1 at amino acid positions 156 and 180, respectively (Fig. 2) . The third mutation involves a change from lysine to glutamic acid at position 467 on HA2, thereby inducing a charge shift at the base of the HA molecule near the membrane (Fig. 3) . This is the mutation crucial for the transport block of ts482, because it is the only one undergoing reversion (Fig. 2) . Two amino acid changes were noted in the HA of mutant ts651, one in the ectodomain at the carboxy-terminal end of HA1 at position 312, where glutamic acid is substituted for lysine (Fig. 3) , and the other in the cytoplasmic domain at position 540, where leucine is found in place of arginine (Fig. 2) . Three revertants were analyzed to establish which of the mutations is responsible for the transport block. With two revertants, lysine was restored in position 312 (Fig. 2) . With the third revertant, the single altered amino acid compared with ts651 was methionine in place of leucine 495. This mutation, which is situated close to the membrane anchor, therefore appears to be important for restoring transport. With all three revertants of ts651, the cytoplasmic mutation at amino acid 540 has been preserved. This (Fig. 4A) or 33°C . Under the labeling conditions used in this experiment, the pulse-labeled HA is present in the monomeric as well as the trimeric fraction only in the uncleaved form, whereas after the chase, the trimers exhibit only cleaved HA. This observation supports the concept that trimerization of the FPV HA begins soon after translation in the endoplasmic reticulum, whereas cleavage is a later processing event. When analyzed at 33°C, ts227 HA is also present in the uncleaved monomeric form after the pulse and, at least in part, in the cleaved trimeric form after the chase (Fig. 4B) . Thus, at the permissive temperature, this mutant is correctly transported and processed. At the nonpermissive temperature, however, monomers aggregate to large complexes of heterogeneous size which are found throughout the lower fractions of the gradient and in which the HA persists in the uncleaved form (Fig. 4C) . Similar results have been obtained with mutants tsl and ts478.
It has been shown with serotypes H2 and H3 that trypsin cleavage of the precursor HA into the cleavage fragments HA1 and HA2 occurs only when the HA is present in the trimeric form, whereas cleavage of monomeric or incorrectly folded HA by trypsin yields other cleavage fragments (7, 12, 39) . We have used this approach to determine whether the HA complexes observed at the nonpermissive temperature with ts227 are aggregates of trimers. As a control, we first tested in a pulse-chase experiment whether cleavage of HA into HA1 and HA2 by trypsin depended, along with the FPV HA, on trimerization. Figure Sa shows that this is indeed the case, since HA was completely cleaved by trypsin at each time point of the experiment but was converted into the specific cleavage products HA1 and HA2 only after a chase period of 3 min, i.e., after the interval between completion of translation and trimerization. We then subjected ts227 HA pulse-chase labeled at 40°C, obtained from the gradient fractions shown in Fig. 4C , to trypsin cleavage (Fig. Sb) . The results show that a small proportion of HA present in fractions 8 and 10 is converted into HA1 and HA2, whereas these fragments are not observed when HA from the lower gradient fractions is treated with trypsin. Thus, it is clear that the majority of the HA complexes of ts227 do not contain trimers.
It was then of interest to determine whether the HA aggregates synthesized at the nonpermissive temperature could be used for the assembly of correct trimers after a shift to the permissive temperature. To this end, ts227 HA was pulse-labeled at either 40 or 33°C and subjected to trypsin treatment after chase periods at 33°C. As shown in Fig. 6 , the correct cleavage products, HA1 and HA2, are observed only when pulse and chase are both performed at the permissive temperature, whereas HA is completely degraded in the downshift experiment. Thus, once present in aggregates, the HA can no longer be converted into the structurally and functionally competent form.
We also used cross-linking agents to analyze the quaternary structure of the HA mutants. Figure 7A shows a pulse-chase experiment using wild-type virus as a control. After cross-linking with DSP, the HA was immunoprecipitated with various conformation-specific antisera. Trimers can be detected after a chase period of only 3 min, again indicating that trimerization of the FPV HA occurs in the endoplasmic reticulum. Figures 7B and C show experiments performed on mutant tsl. Trimerization occurs at the permissive temperature, although at a lower speed than with wild-type virus, since trimers can be readily detected only after a 60-min chase. After the same chase period, very few trimers can be seen when HA synthesized at the nonpermissive temperature is subjected to cross-linking. Instead, most of the HA is present as material that hardly enters the gel, indicating that tsl HA, like ts227 HA, forms large aggregates under nonpermissive conditions. Similar results have been obtained with ts478. Thus, these three mutants resemble each other in being deposited in aggregated form in the endoplasmic reticulum.
We also analyzed the other mutants retained at the nonpermissive temperature in the endoplasmic reticulum (ts206 4. from cell lysates by using trimer-specific MAb HC1, the monomer-specific antiserum anti-HA2, and MAb HC2, which recognizes both HA forms. Immunoprecipitation was done after treatment of HA with DSP (+). Samples not exposed to the cross-linker were also analyzed (-). Immunoprecipitates were heated in sample buffer without a reducing agent at 96°C for 5 min and subjected to electrophoresis on 6% polyacrylamide gels (B and C). MDCK cells infected with tsl were pulse (3 min)-chase labeled with [35S]methionine at the permissive (33°C; B) and nonpermissive and ts293) for their ability to form oligomers. As indicated by sucrose density gradient centrifugation, these, like all other mutants, trimerize at the permissive temperature (data not shown). However, at the nonpermissive temperature, only monomers can be detected with these mutants even after a 60-min chase (Fig. 8) . Monomers of ts206 and ts293 cannot be rescued by downshifting to the permissive temperature.
Thus, ts206 and ts293 differ from tsl, ts227, and ts478, since they do not form aggregates but persist as presumably irreversibly misfolded monomers in the endoplasmic reticulum.
Mutants ts482 and ts651 belong to a third group. As shown in Fig. 9 (38) . Figure 10 shows that this is also the case for ts651 at the nonpermissive temperature. The oligomannosidic side chain of HA2 is removed only after denaturation. Removal of the oligomannosidic side chains of ts227 does not depend on denaturation, since this HA is present as monomers at the nonpermissive temperature.
Since the exit of ts482 and ts651 from the endoplasmic reticulum is not disturbed, the finding that these mutants were still able to trimerize was not surprising. It was conceivable, however, that the trimers of these mutants might have a reduced stability, which could explain the impeded transport to the cell surface. Since a reduced HA stability is often reflected by an increase in the pH optimum of the fusion activity (42), we tested whether the hemolytic activity of the mutants depended on pH but were unable to find any significant difference in comparison with the wild type (data not shown). Thus, we have obtained no evidence for the concept that with ts482 and ts651 the transport block results from defective formation or stability of trimers.
It is also conceivable that other viral proteins have a cooperative effect in HA transport. This concept is supported by the description of extragenic suppressor mutants of FPV mutant tslIl (26) . A prime candidate for a protein with such a function is M2, which has recently been found to contribute to the intracellular stability of the FPV HA (40) . We therefore carried out nucleotide sequence analysis of RNA segment 7 with several of the mutants and revertants under investigation without finding mutations in this gene (data not shown). Thus, it is clear that M2 or Ml are not responsible for the temperature-sensitive phenotype of the mutants, although a cooperative effect of these proteins in HA transport cannot be ruled out. general pattern observed with many other type I membrane glycoproteins, there may be variations among the different HA subtypes. For instance, it is widely agreed that trimerization of serotypes H2 and H3 occurs in the endoplasmic reticulum (4, 12) , whereas evidence has been obtained that serotype Hi is assembled in the Golgi apparatus (44) . On the basis of the data presented here, it is clear that trimerization of FPV HA starts about 3 min after translation and therefore takes place in the endoplasmic reticulum or in the intermediate compartment between the endoplasmic reticulum and the Golgi apparatus, as appears to be the case with H2 and H3. There are also distinct differences in proteolytic cleavage, which is always an intracellular event with FPV, whereas most cell culture systems are unable to cleave Hi, I . 4 endoplasmic reticulum indicate that the mutations responsible for the block of HA transport or for its release accumulate in three areas of the HA monomer: (i) at the base of the stem region near the membrane, (ii) at the tip of the long alpha helix, and (iii) in the hinge region connecting the globular head and stem. All three regions. are involved in folding and trimerization (2, 4, 5, 8, 12, 44) . Changes of single amino acids at the tip of the long alpha helix hold the HA trimer together by forming salt linkages between different HA monomers (6, 38) . HA destabilization by the loss of intermonomer linkages in this area is therefore the mechanism underlying the transport block with tsl and ts478. The hinge region is thought to be critical for the contact between individual globular domains in the trimer (30, 43) . Mutant tsl and the revertants of tsl and ts478 influence this region. Finally, the lower part of the stalk may also be critical for trimerization, as suggested by current concepts of the oligomerization process. After folding of the globular domain that may occur even before synthesis and translocation of the polypeptide chain has been completed, the process of oligomerization is initiated according to these concepts by association of the hydrophobic transmembrane regions. Thus, formation of the trimer starts from the base and is completed at the tip of the spike (12, 43 (13) . With mutant tslIl, the loss of a complex carbohydrate side chain at position 478 has been regarded as responsible for the retarded migration of the HA (26) . Although the mechanism by which altered glycosylation influences HA transport has not been elucidated in all instances, it is fair to assume that elimination or substitution of oligosaccharides affects the transport indirectly by influencing polypeptide folding or oligomerization, as also suggested for the vesicular stomatitis virus G protein (8, 31 
